Determining the drivers of shifting forest disturbance rates remains a pressing global change issue. Large-scale forest dynamics are commonly assumed to be climate driven, but appropriately scaled disturbance histories are rarely available to assess how disturbance legacies alter subsequent disturbance rates and the climate sensitivity of disturbance. We compiled multiple tree ring-based disturbance histories from primary Picea abies forest fragments distributed throughout five European landscapes spanning the Bohemian Forest and the Carpathian Mountains. The regional chronology includes 11,595 tree cores, with ring dates spanning the years 1750-2000, collected from 560 inventory plots in 37 stands distributed across a 1,000 km geographic gradient, amounting to the largest disturbance chronology yet constructed in Europe. Decadal disturbance rates varied significantly through time and declined after 1920, resulting in widespread increases in canopy tree age. Approximately 75% of current canopy area recruited prior to 1900. Long-term disturbance patterns were compared to an historical drought reconstruction, and further linked to spatial variation in stand structure and contemporary disturbance patterns derived from LANDSAT imagery. Historically, decadal Palmer drought severity index minima corresponded to higher rates of canopy removal. The severity of contemporary disturbances increased with each stand's estimated time since last major disturbance, increased with mean diameter, and declined with increasing within-stand structural variability. Reconstructed spatial patterns suggest that high small-scale structural variability has historically acted to reduce large-scale susceptibility and climate sensitivity of disturbance. Reduced disturbance rates since 1920, a potential legacy of high 19th century disturbance rates, have contributed to a recent region-wide increase in disturbance susceptibility. Increasingly common high-severity disturbances throughout primary Picea forests of Central Europe should be reinterpreted in light of both legacy effects (resulting in increased susceptibility) and climate change (resulting in increased exposure to extreme events).
| INTRODUCTION
Disturbances shape forest structure and function (Attiwill, 1994) and changes in the factors driving disturbance patterns are altering forest dynamics Turner, 2010) . In Europe, the amount of forest area affected by disturbance on an annual basis has been increasing for two centuries (Schelhaas, Nabuurs, & Schuck, 2003) , with recent trends attributed to changes in both stand structure and climate (Seidl, Schelhaas, & Lexer, 2011) . However, these disturbance trends have largely been inferred from Europe's extensively managed forest ecosystems. Disturbance history reconstructions from primary forests are needed to contextualize contemporary dynamics in managed and unmanaged systems (D'Amato, Orwig, & Foster, 2008; Kulakowski et al., 2017; Swetnam, Allen, & Betancourt, 1999) . While disturbance histories are available for several primary forest landscapes throughout Europe (Nagel, Svoboda, & Kobal, 2014; Svoboda, Fraver, Janda, Ba ce, & Zenalikova, 2010) , improving the characterization of natural disturbance patterns remains a central research priority . Large-scale approaches are especially required to partition the importance of drivers presumed to be operating at different scales, notably climate and stand structure (Swetnam et al., 1999; Temperli, Bugmann, & Elkin, 2013) .
Disturbance frequency and severity are often climate sensitive and appear to be increasing under climate change (Dale et al., 2001; Overpeck, Rind, & Goldberg, 1990; Seidl, Schelhaas, Rammer, & Verkerk, 2014) . Climate exerts a temporally dynamic influence on disturbance patterns over entire biogeographic regions (Jarvis & Kulakowski, 2015; Pederson et al., 2014; Swetnam & Betancourt, 1998) . Stand dynamics, topography, and inherent stochasticity contribute substantial variability to within-region disturbance patterns (Temperli et al., 2013; Veblen et al., 1994) , but under static abiotic conditions, disturbance rates are expected to appear increasingly stationary as spatial scale increases (Shugart, 1984) . Thus, identifying climate-based regulation of disturbance patterns presumably requires compiling datasets that integrate over the variability contributed by local drivers and linking regional variability to an expected climatebased driver (Pederson et al., 2014; Swetnam & Betancourt, 1998) .
Drought has especially been linked to widespread synchronization of forest dynamics, both as a direct source of tree mortality (Allen, Breshears, & McDowell, 2015; Allen et al., 2010; Pederson et al., 2014) and by predisposing large areas to disturbances, such as bark beetle outbreaks in North America (Jarvis & Kulakowski, 2015) and Europe (Marini et al., 2017; Seidl, M€ uller, et al., 2016) . Droughtinduced disturbances throughout Central European mountain spruce forests have been increasing since the 1980s (Senf & Seidl, 2017) , but the historical responsiveness of large-scale disturbance rates to drought is not known.
Disturbance history influences forest development, and consequently disturbance susceptibility, because the susceptibility of trees to various disturbance agents often depends on tree size and stem densities (Canham, Papaik, & Latty, 2001; Wermelinger, 2004) . Consider the susceptibility of trees to bark beetle outbreaks and windstorms, the prevailing disturbance agents in Central and Eastern Europe's temperate conifer forests (Svoboda et al., 2010) : For beetles, as trees of host species increase in size, the availability of their cambium as a food source increases (Wermelinger, 2004) . Consequently, the damage potential of a beetle outbreak is greater for stands composed of large trees compared to stands composed of smaller trees. Wind susceptibility is similar. Stands composed of smaller, less wind-susceptible trees are substantially less impacted by windstorms than mature forest stands (Foster & Boose, 1992) . Disturbances selectively reduce the abundance of susceptible subsets of forest populations, and time is required to replenish these cohorts before susceptibility recovers and a similar event can reoccur (Hart, Veblen, Mietkiewicz, & Kulakowski, 2015; Pickett & White, 1985) .
Disturbance-induced reductions in susceptibility will result in intervals of time in a stand's history where disturbance patterns are less responsive to climate variation (Swetnam & Betancourt, 1998) .
For example, drought-induced tree stress may promote beetle population growth, but if stem densities and tree sizes are low, then outbreak potential also remains low. Low-density stands with small tree sizes are also less prone to drought stress (Bottero et al., 2017; Cescatti & Piutti, 1998) . Landscape patterns in disturbance legacies affect large-scale susceptibility, and therefore influence climate-disturbance dynamics (Turner, 2010) . Forests which are a mosaic of different size structures will maintain a variety of patches ranging in susceptibility, thus bearing moderate, yet persistent, responsiveness to climate variation. In contrast, the synchronized development of structurally homogeneous landscapes will lead to oscillation between phases of high or low susceptibility, and the inferred climate sensitivity will be influenced dramatically by disturbance history (Pederson et al., 2014; Swetnam & Betancourt, 1998) . Knowledge of disturbance history is, therefore, necessary to contextualize any detection of climate-disturbance relationships.
Disturbances reduce canopy cover and the associated reduction in competition permits formerly suppressed trees to recruit into the canopy stratum. The disturbance history of a forest stand can therefore be reconstructed from growth rate anomalies suggestive of canopy accession dates, which are naturally cataloged in tree-ring series (Lorimer & Frelich, 1989 Cada et al., 2016; Janda et al., 2017; Svoboda et al., 2010; Trotsiuk et al., 2014) was compiled into a regional chronology to quantitate historical primary Picea abies (L. H. Karst.) forest disturbance patterns at subcontinental scale. This extensive dataset allowed us to address the following research objectives: (i) Assess the relative importance of regional vs. local drivers of disturbance during the last several hundred years (Figure 1 ). Synchronous occurrence of disturbance events over large geographic areas would suggest a regional driver, while asynchronous events would suggest local factors as main drivers of disturbance dynamics. (ii) Determine to what extent historical drought has influenced regional disturbance rates. We specifically targeted drought as a candidate climate factor due to its recently established link with beetle outbreaks throughout the region (Marini et al., 2017; Seidl, M€ uller, et al., 2016) . (iii) Quantify the relationship between time since last major disturbance, recent disturbance activity, and current stand structural attributes, hypothesizing that disturbance legacies govern susceptibility and contemporary disturbance patterns. (iv) Investigate the spatial and temporal patterns of historical disturbance within and among forest stands to determine how small-scale heterogeneity might influence large-scale disturbance susceptibility.
| MATERIALS AND METHODS

| Study site and data collection
Disturbance histories were reconstructed with tree cores collected from primary mountain P. abies forest inventory plots, located with assistance from managers of protected areas and knowledge of other local experts throughout the Bohemian Forest in the Czech Republic ( Cada, Svoboda, & Janda, 2013; Cada et al., 2016) and the Carpathian Mountains in Slovakia (Janda et al., 2017) , Ukraine (Trotsiuk et al., 2014) , and northern Romania (Svoboda et al., 2014) . Since the publication of these national chronologies, additional tree cores have been collected throughout southern Romania. Inventory plots span 45.5°N to 51.8°N and 10.6°E to 25.5°E (Figure 2 (Lorimer & Frelich, 1989) . Dendrochronological analyses and disturbance history reconstruction was conducted for 11,595 cored trees. Detailed information on site selection, sampling, and data can be found in Appendix S1 and the previously referenced studies.
| Data analysis
Cores were dried, cut by a core microtome (G€ artner & Nievergelt, 2010) , cross-dated, and measured following standard dendrochronological methods (Stokes & Smiley, 1968) . Annual rings were measured to the nearest 0.1 mm using a stereomicroscope and a Lintab TM sliding-stage measuring device in conjunction with TSAP-WIN TM software (http://www.rinntech.ds). Cores were first visually cross-dated using the marker year approach (Yamaguchi, 1991) , verified with PAST4 software (http://www.sciem.com), and then confirmed with COFECHA software (Holmes, 1983) .
Tree cores were randomly selected from individuals contributing to canopy cover (Lorimer & Frelich, 1989 Because we were exclusively interested in canopy accession events, we did not look for release events in ring sequences after individual trees reached canopy status, which was estimated to correspond to 23 cm dbh. Individual trees were considered highly likely to have reached the canopy by the time their ring increments indicated they had reached a diameter of 23 cm. This size threshold was determined with a logistic regression using inventory data to predict whether a tree was in the canopy or suppressed given continuous variation in dbh. (Svoboda et al., 2012) . Tree-ring series were scanned for two categories of canopy accession events: (i) recruitment under open canopy conditions and (ii) growth release after suppression (Lorimer & Frelich, 1989) . (Lorimer & Frelich, 1989) . The growth rate threshold that best separated these two populations was then estimated using logistic regression (Svoboda et al., 2012) . Saplings with a mean initial growth rate over the first 5 years of growth greater than 1.93 mm/ year were found to have a 95% probability of originating under open canopy conditions.
Growth releases from suppression were identified by the absolute increase method (Fraver & White, 2005a) . The method identifies pronounced changes in growth rates by assessing the range of variability in mean growth rates changes between adjacent 10-year intervals. Differences between running means of adjacent 10-year intervals were compiled. Instances where the difference between 10-year means was greater than 1.25 standard deviations (approximately 90% of variability) from the mean difference were considered release events; this approach has proven to generalize well over a variety of species, including P. abies (Fraver, Jonsson, J€ onsson, & Esseen, 2008; Fraver & White, 2005a) . To avoid spurious detection when mean growth rates are largely influenced by several extreme growth years, increased growth rates had to be sustained for 7 years to be deemed a release event (Fraver, White, & Seymour, 2009) .
Disturbance chronologies were then reconstructed by linking current crown areas of released trees to the year the detected release occurred, assuming that the crown area of trees that responded to the original gap formation approximates the size of the original gap (Lorimer & Frelich, 1989) . Crown areas were predicted from a statistical relationship between estimated crown areas estimated on core trees and DBH (R 2 = .61, p < .001). Individual tree canopy areas were then linked to the year of release, and tree-level disturbance events were summed annually and expressed as the proportion of sampled canopy area, resulting in a plot-level disturbance chronology. Total canopy area recruited was calculated for all trees currently present in the stand. Averages over plot-level disturbance severities were produced to estimate stand-level disturbance histories. Averages over stands were used to produce landscape estimates. Averages over the five landscapes were used to estimate regional rates. To account for the often protracted nature of both disturbance impacts and potentially lagging tree growth responses (Lorimer & Frelich, 1989) , we applied two different binning procedures to disturbance rates prior to statistical analyses. For analyses of historical trends in regional disturbance rates, we computed decadal sums Lorimer & Frelich, 1989) . To assess the role of disturbance histories in determining contemporary patterns, annual rates were smoothed using a kernel density function over the reconstructed disturbance histories to produce point estimates of events that elapsed over several decades (Appendix S2, Trotsiuk et al., 2014) . Peaks in smoothed values were used to identify the year in which the maximum proportion of the canopy area was disturbed, and from it calculated the time since the last main disturbance event. The proportion of the canopy area disturbed during that event was used as maximum disturbance severity.
Our final objective prior to statistical analysis was to determine the appropriate length of our reconstruction. Tree-coring initiated in Stand-level disturbance rates were estimated for each decade and were treated as the unit of replication. The observations departed from sphericity, which is basically an extension of the homogeneity of variance condition to a repeated measures ANOVA (variances in the differences between all possible pairs of measurements repeated on a subject, or stand in our case, must be equal). A consequence of nonsphericity is a heightened probability of type I error. To account for this, the Greenhouse-Geisser correction, which invokes a measure of departure from sphericity to adjust degrees of freedom, was used to adjust the computed p-value (Greenhouse & Geisser, 1959) .
Drought was anticipated to be a driver of historical variation in regional disturbance rates. Palmer drought severity index (PDSI) values estimated using a dendroclimatological reconstruction were available to produce a drought history for the study region (Cook et al., 2015) . From this series of annual PDSI values, we compiled several metrics reflective of different ways drought might influence decadal canopy removal. We first compiled decadal means of PDSI. However, because trees typically exhibit a more threshold-like response to extreme drought years (Allen et al., 2010 (Allen et al., , 2015 , we further estimated the effect size of decadal PDSI minimums. Furthermore, because drought responses may be delayed in time, we also tested for the effects of the prior decadal PDSI means and minimums on each decades canopy area removed. A multiple regression involving these four drought-based predictors was conducted to assess each variable's relative importance. Because trees are presumably tolerant of drought stress up until some threshold level, we fitted a sigmoid response function to disturbance-drought data to estimate the level of drought where canopy removal increases dramatically.
We additionally investigated spatial patterns in disturbance, both within and among stands. Mantel's test provides a measure of correlation between two matrices. When conducted using a matrix of the distances between pairs of observation and differences in some observed response, the test can provide a measure of spatial autocorrelation and computes the probability that observations are more or less similar to proximal observations than random expectation.
Positive autocorrelation implies proximal observations are more similar than distant observations. Negative autocorrelation implies that proximal observations are more dissimilar than expected. We applied Mantel's test to plot-level and stand-level decadal disturbance rates over the entire study period.
| Contemporary disturbance patterns
We then used our forest inventory data and reconstructed disturbance histories to explain spatial variation in contemporary disturbance patterns. Geospatial information on recent forest cover changes, extracted from LANDSAT imagery (Hansen et al., 2013) , were aligned to plot locations using Arc-GIS (http://www.esri.com).
For each study plot we calculated the averaged raster values of recent cover change over a 100 m radius from plot centers for the 2005-2015 periods. Averages over plot-level estimates were then used to produce stand-level estimates. Forest inventory data were used to estimate structural attributes of each stand, including mean tree diameters and the coefficient of variation in mean diameter among plots within each stand, which was invoked as a measure of structural complexity. Disturbance history estimates (including time since disturbance and maximum disturbance severity) were used to explain variability in mean tree diameters and the coefficient of variation in plot-level mean diameters. These four variables were standardized to mean zero and standard deviation of 1 and then ). The linear and nonlinear models were compared using Akaike Information Criterion (AIC).
3 | RESULTS
| Summary statistics of past disturbances
Mean decadal disturbance rates at the regional level between 1750 and 2000 were 3.9% canopy removal, with a standard deviation of 8.4% (Figure 3) . At the plot level, 50% of plots experienced at least one decade with >28% canopy removal and 25% of plots were impacted by a decade of >39.7% removal. At the stand level, 50% of plots were impacted by a decade of >13.5% removal, with 25% encountering a decade of >17.6% removal. Four of the five landscapes were subject to events that removed more than 10% of total canopy area, surpassing 15% in the case of northern Romania. The cumulative distribution of decadal disturbance rates suggests that 
| Relationship of decadal variation in disturbance to drought
Mean decadal disturbance rates were compared among landscapes and among decades using a repeated measures ANOVA, treating stands as units of replication. Decadal disturbance rates did not differ among landscapes (F = 1.021, p = .411). Disturbance rates differed among decades (F = 16.733, p < .001). A significant interaction occurred between landscape and decades (F = 2.355, p < .001), indicating the occurrence of landscape-level peaks in four of the five compiled landscapes (all accept for Ukraine). Post hoc analysis of confidence intervals indicated that mean regional decadal rates between 1820 and 1920 were significantly above the regional historical mean.
Mean decadal disturbance rates were regressed against mean and minimum decadal PDSI. Decadal minimum PDSI was the best predictor of regional variation (Disturbance = 0.37 À 1.5*PDSI.min; R 2 = .28; p < .001). Mean decadal PDSI had a significant effect on decadal canopy removal (Dist = 3.25 À 1.23*PDSI; R 2 = .14; p = .034). Mean (Disturbance = 3.44 À 1.12*PDSI, tÀ1 ; R 2 = .13; p < .048) and minimum PDSI (Disturbance = 1.13 À 1.25*PDSI.min, tÀ1 ; R 2 = .19; p = .017) of the prior decades were also significantly related to canopy area removed. However, the amount of variation explained was not also had significant effects on contemporary disturbance severity.
| Spatial analysis of disturbance dynamics
A Mantel test was conducted on the decadal disturbance severities through time. Throughout most of the time period covered, standlevel disturbance patterns were randomly distributed in space.
Stand-level patterns were significantly clustered in 1770-1780, 1920-1930, and again in 1990-2000 . Plot-level disturbance rates were significantly clustered c. 1790-1880 ( Figure 6 ).
F I G U R E 4
Decadal disturbance rates increase with drought severity extremes. Increasingly negative Palmer drought severity index (PDSI) values indicate more severe drought conditions, so decadal PDSI minimums (Cook et al., 2015) presented on the x axis were multiplied by À1 to better reflect higher drought severity corresponds with higher rates of canopy removal. A sigmoid response function with an inflection point at PDSI = À2.08 was fit to disturbance rates [Colour figure can be viewed at wileyonlinelibrary.com]
| DISCUSSION
Picea abies stands throughout the Bohemian Forest and the Carpathian Mountains have been shaped by disturbances ranging widely in timing, extent, and severity ( Cada et al., 2016; Janda et al., 2017; Svoboda et al., 2014) . The general patterns in our reconstructed disturbance history, conducted at an unprecedented scale for European primary forests, provide insight into how variation is driven by Detecting a time-dependent trend in mean regional disturbance rates suggests that an overarching regional factor, presumably climate, was driving changes in disturbance rates (Pederson et al., 2014; Swetnam & Betancourt, 1998) . We expected drought to influence regional disturbance rates because coincident occurrence of drought and windstorms has already been linked to high-severity beetle outbreaks in central European P. abies forests (Marini et al., 2017; Mezei et al., 2017; Seidl, M€ uller, et al., 2016) . Windstorms generate pulses of deadwood, which amplifies beetle population growth rates, and moisture stress in the remaining live trees reduces the defense capacity against beetle infestation (Netherer et al., 2015; Wermelinger, 2004) . Lower decadal minima in PDSI (the most severe drought year in each decade) corresponded to higher decadal canopy loss. Importantly, decadal PDSI minima were a better predictor of canopy removal than decadal PDSI means, emphasizing that drought extremes, not prolonged drought stress, drive variability in disturbance. There was no lagged effect of the prior decadal drought levels (mean or minimum) on present dynamics (Senf & Seidl, 2017) .
Additionally, disturbance rates did exhibit expected threshold-like responses to drought extremes (Allen et al., 2010 (Allen et al., , 2015 . Thus, disturbance patterns rapidly respond to short-duration drought extremes. Calendar year Spatial correlation The pattern of heightened, mean regional disturbance severity between 1800 and 1920 was generated by averaging over landscape-level disturbance peaks that occurred in four of the five landscapes during this interval. The temporal asynchrony of these peaks implies that localized factors triggered their occurrence. These peaks align with severe wind and bark beetle outbreaks documented by local authorities ( Cada et al., 2016; Janda et al., 2017; Svoboda et al., 2014) . Windstorm severity can be extreme, but extent is conventionally restricted to one or several stands in primeval forests (Panayotov, Kulakowski, Laranjeiro Dos Santos, & Bebi, 2011; Svoboda et al., 2010) . The spatial extent of windstorms further restricts the spatial extent of beetle outbreaks associated with the pulse of deadwood (Temperli et al., 2013; Wichmann & Ravn, 2001 ). Where and when windstorms and beetle outbreaks are triggered may largely be stochastic, with drought acting as an overarching factor influencing the severity of these events. Topographic differences among each of our landscapes are also likely causing variation in disturbance patterns among these disjointed landscapes (Senf & Seidl, 2017 ). We next turn our attention to patterns in disturbance history and disturbance legacies as additional factors contributing to spatial and temporal variability.
Time since disturbance was the best stand-level predictor of recent disturbance severity (c. 1980-2013) . The severity of recent disturbances was highest in stands with the longest time since disturbance, implying that disturbance susceptibility increases throughout stand development. Bark beetles and windstorms preferentially remove the largest individuals from the population (Canham et al., 2001; Wermelinger, 2004) . Following disturbance, a certain interval of time is required before especially large trees are again recruited, and affected forests are again susceptible to wind (Kulakowski & Veblen, 2002) and bark beetle outbreaks (Hart et al., 2015; Kulakowski, Veblen, & Bebi, 2003) .
Relationships between stand structure, time since disturbance, and contemporary disturbance severity provide insight into the mechanisms linking disturbance legacies to susceptibility. As expected, mean canopy tree diameter increases with time since disturbance and is positively correlated with disturbance severity, confirming that stands with more large trees are more susceptible to wind and beetle outbreaks. Within-stand variation in plot-level mean diameter (henceforth structural variability) declined throughout stand development, and structural variability had a negative effect on severity. Postdisturbance structural variability is often high in these P. abies forests (Ba ce et al., 2015; Meigs et al., 2017) . High structural variability implies that a stand is comprised of a mixture of high-and low-susceptibility patches. As time since disturbance passes, regenerating individuals within heavily disturbed patches increase in size, structural variability declines (Kashian, Turner, Romme, & Lorimer, 2005) , and stand-level susceptibility increases. A second path for heterogeneity-based suppression of disturbance is through compartmentalization (Peterson, 2002) . The extent of bark beetle outbreaks can be contained by spatial heterogeneity, because their propagation depends on the presence of large susceptible trees within beetle dispersal ranges (Aukema et al., 2006; Seidl, Donato, Raffa, & Turner, 2016) . However, under optimal climatic conditions, outbreaks can erupt simultaneously from multiple epicenters, thus reducing the importance of landscape structure (Jarvis & Kulakowski, 2015) . Contagion effects may also be reduced when windstorms impact more structurally heterogeneous stands (Everham & Brokaw, 1996) .
In the absence of structural information through time, historical trends of spatial variability in canopy removal can help link contemporary and historical patterns. For the majority of our reconstructed history, the spatial distribution of canopy removal was distributed randomly among stands. The notable exceptions to this trend were peaks in positive spatial autocorrelation, especially those induced by especially severe windstorms that occurred in both northern and southern Romania, early in the 20th century (Svoboda et al., 2014) .
In contrast, within-stand variability exhibited positive spatial autocorrelation throughout the majority of the high disturbance severity interval. Our analysis of developmental patterns suggests that within-stand variability is high initially after disturbance. Patchiness in within-stand canopy removal is thus contributing to positive spatial autocorrelation (see Figure 2c ). Small-scale patchiness within stands and little association among neighboring stands appears to be the normal mode of dynamics for the landscape. However, infrequent high-severity events have induced large-scale gradients in canopy removal in the past.
Feedbacks between development, susceptibility, and disturbance should promote persistence in landscape patterns with consequences on large-scale disturbance rates. As patches continuously recruit into susceptible size cohorts, their probability of disturbance increases ahead of neighboring patches, and variation in susceptibility will constrain the severity of disturbance with a tendency to propagated pre-existing landscape patters (Peterson, 2002) . Consequently, historical patterns of small-scale variability have likely kept an upper limit on larger scale process rates (Foster & Boose, 1992; Temperli et al., 2013) . As intensity increases, small-scale variability in susceptibility ceases to influence larger scale patterns and larger scale gradients in canopy removal can occur, as with the early 20th century Romanian event.
The tendency for patterns in stand structure to self-replicate also applies to homogenizing, that is, stand-replacing events, which promote the reoccurrence of further high-severity events. For example, in the disturbance history of the Czech Republic, a landscape-level peak in disturbance severity occurred approximately 200 years ago, which aligns with documented storm activity ( Cada et al., 2016) . The same location has experienced extensive losses of forest cover over the last 25 years ( Sumava National Park and also the Bavarian Forest National Park opposite the Czech border); approximately 12,000 ha of a potential of 19,000 ha in the Bohemian mountain spruce forest were disturbed ( Cada et al., 2016) . Similarly, peaks in disturbance history detected in 19th century Slovakia (Janda et al., 2017) potentially predisposed the landscape to extensive bark beetle and windstorm disturbance during the last 20 years (Mezei et al., 2017) .
Given that the most structurally uniform stands in our dataset were subject to the most severe disturbance, it appears evident that the homogenization of stand structure promoting subsequent high-
severity disturbances is an important contributor to stand dynamics.
As similar high-severity events continue occurring throughout primary and managed P. abies forests (Marini et al., 2017; Mezei et al., 2017; Seidl, M€ uller, et al., 2016) , it is important to recognize that stand history, not just climate change, contributes to contemporary disturbance patterns.
Developmental patterns in susceptibility should also translate to larger scale dynamics as well, explaining why landscape patterns appear less responsive to climate than regional patterns. Regional disturbance rates track climate because at this largest scale, some portion of the sampled area has exhibited susceptibility to climateassociated events when they occur. However, the landscape-level peaks identified in four of the five studied landscapes likely removed a large portion of susceptible individuals from each respective area.
Considering our detected relationship between time since disturbance and severity, it is unlikely that disturbance rates could remain high after an event removed more than 10% of total landscape-level canopy area, even if climate extremes occurred. In other words, disturbance-induced reductions in susceptibility can lead to a decoupling of climate-disturbance relationships, resulting in an apparent reduction in the climate sensitivity of disturbance.
Four of the five studied landscapes, all but Ukraine, underwent an especially severe disturbance period between 1800 and 1920.
Thus, large-scale reductions in susceptibility resulting from these disturbance peaks may have contributed to the decline in regional disturbance rates after 1920. A large-scale fluctuation in susceptibility would additionally contribute to the moderate level of climate susceptibility we detected. However, alternative explanations for low 20th century disturbance rates should be considered. The first regards the potential for preferential placement of protected areas over forests exhibiting mature or old-growth structure, implying a land-use-based bias on the age structure of Europe's scarce remaining primary forest. Second, given that our method for disturbance reconstruction relies on dating canopy accession events, we specifically targeted trees that are presently contributing to canopy area.
By avoiding suppressed trees, which are assumed to contain little additional information on disturbance history (Lorimer & Frelich, 1989) , we were able to increase the spatial extent of our sampling effort. However, the resulting sample is biased toward larger tree sizes, which can be less responsive to gap creation (Nowacki & Abrams, 1997) . The relationship between sampling design, tree size biases and disturbance-detection sensitivity warrants further investigation. Notwithstanding these limitations, it remains apparent that approximately 75% of current canopy area was recruited prior to 1900. Regional disturbance rates appear to have been low between 1920 and 2000 in the primary Norway spruce forests of Central Europe, which suggests that these forests are becoming increasingly susceptible to disturbance.
Disturbance histories provide valuable context for interpreting contemporary climate-disturbance relationships (Seidl et al., 2014 . A recent analysis of satellite-derived estimates of central European mountain forest disturbance rates (c. 1985-2015) detected increasing climate-based synchronization of disturbances among disjointed forest landscapes throughout Austria, the Czech Republic, Germany, and Slovakia (Senf & Seidl, 2017) . In their study, welldefined multiyear peaks in regional canopy removal followed severe drought years. Increases in disturbance severity in forest regions across the globe have been linked to climate-induced increases in intensity . However, our data suggest that widespread changes in susceptibility have also contributed to the synchronicity of the peaks detected by Senf and Seidl (2017) , underscoring the importance of disturbance histories when attempting to understand the climate sensitivity of disturbance (Swetnam & Betancourt, 1998) .
Understanding changing disturbance rates remains a pressing global change issue. Dendroecological methods provide valuable insight into forest disturbance history, providing essential context for contemporary dynamics. We consider tree-ring records as an important component of a larger analysis framework, which also includes field inventory and remotely sensed data. Improving the integration of these approaches should be a focal point of future research. As previously addressed, the scope of tree rings is limited by the immense labor costs of increment core collection and processing, biases associated with sampling design (Nowacki & Abrams, 1997) , and the limited capacity of retrospective data to integrate the most recent disturbance activity Lorimer & Frelich, 1989) .
Inventory-based analyses are suitable for addressing this problem, and stand age data have proven to be a valuable addition to analyses of recent disturbance and developmental dynamics in these forests (Meigs et al., 2017) . Also, integrating dendroecological reconstructions of disturbance history with the extensive spatial coverage of remotely sensed data holds considerable unexplored potential.
| CONCLUSION S
Conventional perspectives in landscape ecology suggest that ecosystem dynamics should appear more stationary as spatial scale increases (Shugart, 1984) , which has been difficult to verify empirically. Our study constitutes the largest scale disturbance history yet reconstructed in European primary forests and it has identified largescale dynamism in forest disturbance rates. As a consequence, a large portion of Europe's protected primary forests are at an advanced and increasingly susceptible developmental stage. Failure to consider disturbance history as a factor contributing to contemporary forest dynamics is likely to confound interpretations of climatedisturbance relationships. Recent high-severity disturbance events (Marini et al., 2017; Mezei et al., 2017; Seidl, M€ uller, et al., 2016; Senf & Seidl, 2017) should be reinterpreted in light of widespread increases in disturbance susceptibility during the 20th century, not only as a direct result of climate change per se. Neglecting the regional trend of increasing susceptibility can lead to an overstatement of climate effects, which is problematic because mitigating climate change-induced disturbance intensification is often invoked to justify postdisturbance intervention strategies that typically result in an undesirable reduction in structural variability (Lindenmayer, Thorn, & Banks, 2017) . Large-scale disturbances will continue to respond to legacies of former events that synchronized the recruitment, development, and susceptibility of large areas, even as climate continues to change. 
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